The purpose of the present study is to evaluate retrospectively the e¨ects of several intra-operative manipulations on the results of foramen magnum decompression (FMD) in patients having syringomyelia associated with type I Chiari malformation. Seventy-®ve patients having syringomyelia associated with Chiari I malformation were operated on between 1975 and 1996. This population was grouped into 4 subgroups according to the surgical protocol: group I 42 patients with FMD alone; group II 16 patients with FMD and third ventricle shunting; group III 9 patients with FMD and syringosubarachnoid shunting (SSS); group IV 8 patients with FMD and cerebellar tonsils resection. Pre-and postsurgical magnetic resonance imaging (MRI) studies were analyzed (and compared). Nine patients were lost to follow-up. The results were evaluated in the 66 remaining patients (mean follow-up: 52 months), using the Bidzinski's outcome scale (ref ). Two patients (3%) died postoperatively, 31 (47%) had very good results (after additional surgery in 7), 16 (24,2%) had good results (after additional surgery in 7) and 17 (25,7%) had poor results despite further surgery in 9. A total of 27 reoperations were undertaken after primary FMD in 23 patients (35%). Thirty-nine patients (59%) had both pre-and postsurgical MRI evaluation. In 28 (72%) the syrinx had markedly decreased whereas it had remained stable in 11 (28%). Clinical results were not signi®cantly di¨erent between the patients of groups I, II and III. Very good or good results were obtained in 24 patients (64,8%) of group I (after additional surgery in 10), in 8 (61,5%) of group II (after additional surgery in 1) and in 7 (87,5%) of group III (after additional surgery in 3). Results in group IV were as follows: 7 patients (87%) had very good results and one had a good result. With a mean follow-up of 28 months, no patient required additional surgery. Postsurgical MRI syrinx reduction was observed in all 8 patients either in the early postoperative course or on delayed followup. It is suggested that tonsils resection might enhance the results of FMD in individuals having Chiari I-related syringomyelia.
Introduction
Surgery for type I Chiari malformation associated with syringomyelia aims at 1) restoration of normal cerebrospinal¯uid (CSF) circulation at the foramen magnum, 2) reduction of the syrinx, 3) relief of the compression exerted by the cerebellar tonsils on the brain stem. Although the most e¨ective therapeutic modality in achieving an actual cure of the disease is still under debate, foramen magnum decompression (FMD) has been widely recognized as an acceptable method in achieving these goals within a single operative procedure. Decision for undertaking additional manipulations such as dissection of arachnoid adhesions, plugging of the obex, shunting of the fourth ventricle and tonsillar resection is depending on the surgeon's personal understanding of the pathophysiology of the disease.
The purpose of the present study is to retrospectively review a 21 years experience in 75 patients consecutively treated for syringomyelia with Chiari I malformation in one institution. All patients of the series underwent FMD as a basic procedure either alone or combined with additional manipulations. Four categories of patients were individualized according to the operative protocol recognized, distinguished.
Clinical Presentation
Signs and symptoms are summarized in Table 2 . Sensory disturbances were present in the upper limbs in 70,6% and in the lower limbs in 29,3% of patients. Motor weakness was present in the upper limbs in 65,3% and in the lower limbs in 61,3% of patients. Headaches were noted in 21%, neck pain or sti¨ness in 36%, lower cranial nerves palsy in 25% and nystagmus in 8%.
Radiologic Evaluation
Before 1986, patients were investigated by metrizamide myelography and/or computerized myelography. All patients managed after 1986 (41 patients 54,5%) underwent magnetic resonance imaging (MRI) studies including sagittal and axial spin-echo T1 and T2 sequences. Preoperative MRI showed that the syrinx predominantly involved the cervical or the cervicothoracic spinal cord (27% and 51% of the patients respectively) and occupied from 30% to 80% of the spinal canal according to the Vaquero's index, i.e. the greatest width of the syrinx in the midsagittal plane divided by the width of the canal at the same level [38] . Septa were present in 51% of patients, a communication between the fourth ventricle and the obex could be demonstrated in 10% and a syringobulbia in 19,5%. All patients showed tonsillar herniation reaching the inferior rim of C1. None showed spinal dysraphism or basilar invagination (Table 3) .
Surgical Treatment
All patients underwent FMD in the sitting position as a basic procedure, including bony removal of the rim of the foramen magnum and adjacent occipital squama, laminectomy of C1 and duraplasty using either autologous pericranial graft, lyophilized dura (Lyodura, Braun, Melsungen A.G., Germany) or synthetic material (Gore-tex, expanded polyte Átra¯uoroe Âthyle Áne, WL Gore, Flagsta¨, Arizona). Lyophilized dura as a dural substitute has been abandoned in our practice more than 10 years ago, following several reports on Creutzfeldt-Jakob disease presumably transmitted after implantation of human cadaveric lyophilized dura.
A proportion of patients underwent additional intraoperative manipulations in combination with FMD. Four subgroups of patients were recognized according to the protocol employed. Clinical and MRI features of these subgroups are given together with those of the whole series in Tables 2 and 3 . There was no di¨erence in the clinical presentation between patients of each group except for Group II. This group includes 16 patients operated on during the pre-MRI era, between 1975 and 1982, using FMD combined with shunting of the third ventricle to the cervical subarachnoid spaces. There were 13 males and 3 females ranging in age from 21 to 59 years (mean 41 years). The surgical technique was as follows: after dural opening, the arachnoid of the cisterna magna was incised and the cerebellar tonsils were gently lifted, exposing the¯oor of the fourth ventricle. The aqueduct was cannulated using a ventricular catheter with its caudal end introduced dorsally into the cervical subarachnoid spaces.
Group III. Nine patients belong to this group. They were operated on between 1986 and 1991 using FMD combined with syringosubarachnoid shunting (SSS). There were 4 males and 5 females ranging in age from 22 to 61 years (mean 42 years). Eight patients were explored by MRI. After FMD was completed, a cervical laminectomy at 2 or 3 levels was performed facing the area where the syrinx was mostly prominent on MRI studies. After dural opening, a few millimeters incision was made in the arachnoid membrane and in the dorsomedial medullary sulcus. The syrinx cavity was gently catheterized using a multiperforated silicone tube and its distal end introduced caudally in the dorsal subarachnoid spaces. The catheter was secured to the pia mater and the dura closed in a watertight fashion.
Group IV. This group includes 8 patients operated on between 1992 and 1996 using FMD combined with cerebellar tonsils resection. There were 4 males and 4 females ranging in age from 9 to 49 years (mean 25 years). All patients of this group underwent MRI evaluation. The foramen magnum resection was tailored to match approximately the size of the normal cisterna magna. The dura was opened in a y-shaped pattern with preservation of the underlying arachnoid. Under the microscope, an horizontal opening was made in the arachnoid covering the tonsils. The tonsils were dissected free from the arachnoid layer and resected subpially using the surgical ultrasonic aspirator, thus establishing a wide aperture in the roof of the fourth ventricle. The edges of the arachnoidal incision were reapproximated and sutured to each other whenever possible or sutured to the pia mater of the tonsillar remnants (Fig. 1) . The dura was closed using a pericranial graft.
Results
Overall Results (Table 4) Clinical results were evaluated on the basis of the outcome scale proposed by Bidzinski [6] : ± very good result: marked postoperative improvement with further stabilization. ± good result: slight postoperative improvement with further stabilization. ± poor result: temporary or no postoperative improvement with further deterioration.
Nine patients were lost to follow-up (group I 5, group II 3, group III 1). The results were analyzed in the remaining 66 patients. The follow-up in the whole series ranged from 2 months to 18 years (mean 52 months).
Two patients died postoperatively (3%). Very good results were achieved in 31 patients (47%) but in only 24 of those as a result of FMD alone, 7 requiring additional procedures. Good results were achieved in 16 patients (24,2%), in 7 of those after an additional procedure was undertaken. Seventeen patients (25,7%) showed poor results, 9 of whom undergoing further procedures unsuccessfully. Twenty-three patients (30,6%) of the whole series required one (n 19) or two (n 4) reoperations after FMD. A total of 27 reoperations was performed, the types of which are detailed in Table 4 .
Postoperative MRI evaluation. Of 41 patients preoperatively investigated by MRI, 39 were reassessed postoperatively by head and spinal MRI, making comparisons with their preoperative radiological (1) Vaquero's index width of the syrinx evaluated as the greatest diameter of the syrinx in the midsagittal plane divided by the diameter of the spinal canal at the same level [38] .
Syringomyelia Associated with Type I Chiari Malformation status possible. The postsurgical maximal width of the syrinx (according to Vaquero's index) and craniocaudal extent of the syrinx were analyzed relatively to the corresponding presurgical parameters and quoted as``increased'',``stable'' or``decreased''. Changes in the CSF spaces around the foramen magnum were analyzed in a similar manner. In 28 out of 39 patients (72%) the syrinx had signi®cantly decreased in its width and craniocaudal extent as well, whereas it had remained stable in 11 (28%). In no patient an increased syrinx was demonstrated postoperatively. CSF spaces were quoted``increased'' in 23 patients (59%) and`s table'' in the remaining 16 (41%). There was no postoperative diminution of the CSF spaces. Groups Results (Table 4) Group 1. Thirty-seven patients of this group were followed for a period ranging from 2 months to 16 years (mean 39 months): 2 patients (5,4%) died postoperatively (septic meningitis and pulmonary embolism). Twelve patients (32,4%) had very good results, but in only 7 attributable to FMD alone, 5 of these 12 patients having required further procedures. Twelve patients (32,4%) showed good results, 5 of whom required additional surgical procedures. Eleven patients (29,7%) showed further deterioration after surgery (poor results). Four of these 11``failed patients'' underwent further surgical procedures with no de®nite improvement.
Pre-and postoperative MRI's were obtained in 24 survivors of group I. The size of the syrinx had decreased in 14 patients (58%), 11 of whom bene®ted from very good or good clinical results in the longterm follow-up. The subarachnoid CSF compartment was demonstrated as``stable'' or``increased'' in 14 and 10 patients respectively.
Group II. Thirteen patients of this group were followed for a period ranging from 2 to 18 years (mean 108 months). There was no postoperative death. Six patients (46,1%) had very good results. No further procedure was needed in these 6 patients.
Two patients (15,4%) had good results, with further ventricular CSF shunt required in one. Five patients failed to improve or deteriorated postoperatively (poor results 38,4%), all requiring one or two further surgical procedures without subsequent improvement.
Postoperative MRI was obtained in 4 patients of group II, but none had had a preoperative MRI evaluation, making comparisons impossible. The syrinx was quoted``decreased'' or``small'' in 3 patients having very good results and in one having a poor result.
Group III. Eight patients of this group were followed for a period ranging from 4 months to 5 years (mean 23 months). There was no postoperative mortality. Six patients (75%) had very good results, 2 of whom required further procedures. One patient (12,5%) had a good result, but only after an additional ventriculoatrial shunt was established 1 year after the initial procedure. One patient (12,5%) had a poor result.
Pre-and postoperative MRI's were obtained in 7 patients of group III. The syrinx was quoted``decreased'' in 6 and``stable'' in one.
Group IV. All 8 patients belonging to this group were followed for a period ranging from 6 months to 4 years (mean 28 months). There was no postoperative morbidity nor mortality. Seven patients (87%) had very good results, whereas the remaining one (13%) CSF shunt Ventricular cerebrospinal¯uid shunting; SSS syringosubarachnoid shunting; third ventricle shunting shunt from the third ventricle to the cervical subarachnoid spaces. In reoperated patients, such procedure implies that a repeated posterior fossa approach has been performed.
Syringomyelia Associated with Type I Chiari Malformation had a good result``only'' which was thought secondary to insu½cient tonsillar resection, as illustrated on follow-up MRI. No patient in this group required further procedures. All patients of group IV underwent pre-and postoperative MRI evaluation at 1 month and 6 months approximately. All patients showed marked decrease of their syrinx, either documented on the early (4 patients) or on the delayed MRI evaluation (4 patients). The CSF spaces around the foramen magnum had increased in all 8 patients (Figs. 2 and 3) .
Discussion

Pathophysiological Considerations
The development of an intramedullary cavitation in patients having a Chiari I malformation remains a matter of debate and the most appropriate mode of treatment of this condition is still controversial. Although based on di¨erent pathophysiological interpretations, both Gardner's [11, 12] and Williams' [42, 43] theories hypothetize that the CSF¯ow is impaired at the foramen magnum and that a vestigial communication between the fourth ventricle and the central medullary canal is present in syringomyelia patients.
Pathological studies based on autopsy specimen and, more recently, on phase contrast MRI studies have shown that a patent canal between the fourth ventricle and the syrinx was far from being common and that alternative explanation had to be sought [24, 25] . In a recent study based on dynamic MRI and realtime ultrasonographic studies, Old®eld suggested that the origin, maintenance and propagation of syringomyelia might result from downward migration of the tonsils with each systolic pulse, producing a systolic pressure-wave in the spinal CSF compartment that acts on the external surface of the cord [25] . This``piston-like'' mechanism might explain syrinx progression by propelling¯uid longitudinally within the cavity with each systolic pulse and also by forcing CSF into the cord through the perivascular and interstitial spaces, consistently with previous observations [1, 3] . Although in con¯ict with the statements of Gardner and Williams, the Old®eld's hypothesis leads to a similar conclusion that the primary phenomenon consisted in impaired CSF circulation around the foramen magnum and that FMD was consequently an approa b 
Surgical Approaches to Chiari I-Related Syringomyelia
The methods employed can be grossly classi®ed into two groups: 1) those aiming at reduction of syringomyelia by direct drainage of the cavity, 2) those aiming at restoration of normal CSF dynamics at the foramen magnum by decompression of the hindbrain and cerebellar tonsils.
Methods of drainage of the syrinx. Several types of shunts have been proposed as an initial treatment for syringomyelia, including syringoperitoneal [4, 10] , syringopleural [44] , syringocisternal [23] , syringosubarachnoõ Èd [10, 13, 15, 26, 29, 34, 38, 39] and lumboperitoneal [27] shunting. These procedures have been recommended in patients showing symptoms related to syringomyelia and not to the Chiari malformation itself and in whom MRI showed that the syrinx was large [10] . Results in early series have generally been disappointing [21, 30, 40] . However, with recent advances in microsurgical and imaging techniques and in materials used for shunting, results of direct drainage of the syrinx have improved, prompting renewed interest in shunting procedures [2, 13, 15] . However, serious drawbacks of shunting techniques have been outlined, such as damage to the spinal cord [10, 38] , mechanical and septic complications [36, 41] , insu½cient drainage due to septation of the syrinx [33] , arachnoiditis [16] , hyperdrainage with``slit-syrinx'' syndrome [33] and persisting neural compression at the foramen magnum [35, 37, 43] . This shunt-related morbidity explains that a high rate of reoperations has been mentioned in the literature [13, 16] .
In our series, no patient underwent syrinx shunting alone as a primary treatment modality.
Direct decompression of Chiari I malformation. Posterior fossa approach is currently prefered by a majority of authors as it is generally thought to be most reliable in achieving the main goal of syringomyelia surgery i.e. restoring a normal or near-normal CSF circulation at the foramen magnum [5, 15, 17, 18, 29, 31, 33, 35] .``Simple'' FMD with duraplasty and preservation of the arachnoid layer has been advocated to prevent arachnoiditis, postoperative mea b ningocele and hydrocephalus [5, 13, 22, 38] . The extent of bony resection to be performed is controversial. Although occasionally advocated [14] , extensive craniectomy has been incriminated as a factor of postoperative deterioration likely due to``slump'' of the lower part of the cerebellum in the wound [43] . A current trend is to recommend that craniectomy should be tailored to match the size of a normal cisterna magna, i.e. 3 sq cm [5, 8, 15, 16] . Results in our 42 patients treated by FMD alone (group I) compare to those experienced by other authors [13, 15, 20, 22, 25] . Nevertheless, it should be mentioned that in 10 of our 24 improved patients, satisfactory results were obtained only after further procedures were accomplished. Several surgical manipulations have been proposed to enhance the e½ciency of FMD including plugging of the obex [12] , dissection of arachnoidal adhesions with or without shunting of the fourth ventricle [5, 14, 16, 17, 19, 28, 29, 32, 38] , combination of FMD with SSS by cervical laminectomy [7, 20, 22] and tonsillar resection [14, 38, 43] .
Patients of group II underwent FMD combined with shunting of the third ventricle to the cervical subarachnoid spaces. Treatment of syringomyelia by shunting of the third ventricle using aqueduct catheterization aims at bypassing the sites where CSF circulation is most likely to be altered in syringomyelia patients, i.e. fourth ventricle and cisterna magna. Our rationale for undertaking such modality was developed in a previous report [17] . Results were not signi®-cantly better than in patients of group I with FMD alone. Six out of 16 patients of this group required additional procedures (see Table 4 ). Our experience with third ventricle shunting in syringomyelia is consistent with that of other studies establishing that it adds little bene®t to FMD and may be potentially harmful [14] .
Patients of group III underwent FMD combined with syrinx drainage using SSS. Results in this group were also rather disappointing: seven of 8 patients ultimately improved but in only 4 as a result of the initial procedure, 3 patients needing further surgery. Although this group is small, it seems that there is no reason to further advocate the combination of SSS and FMD. Furthermore, undertaking two such di¨erent techniques within one session makes it di½cult to ascribe the surgical result to any particular procedure, especially if a deterioration should occur postoperatively [43] .
Whatever the mechanism of development of syringomyelia may be, is seems that tonsillar herniation plays a major role, either as causing an obstacle to the out¯ow of CSF from the fourth ventricle or as acting with each systolic pulse on the extramedullary CSF spaces, as postulated by Old®eld [25] . Hence, tonsillar resection has been proposed as a useful adjunct to FMD to obtain simultaneously restoration of free CSF ow at the foramen of Magendie, hindbrain decompression and relief of the``piston-like'' action of the tonsils. Tonsils resection was initially advised as an intraoperative option in patients showing insu½cient decompression by FMD alone [14, 38, 42, 43] . It was not until recently that it has been performed routinely [9, 16, 31] . Eight patients in our series underwent tonsillar resection in combination with FMD (group IV). The operative technique employed in these patients (see above) is derived from that described by Raftopoulos [31] . Several important issues aiming at prevention of postoperative arachnoiditis are to be outlined: meticulous microsurgical dissection of the pia-mater covering the tonsils from the arachnoid layer, subpial aspiration of the tonsils using the ultrasonic aspirator and creating a wide aperture in the lower fourth ventricle, suture of the arachnoid and duraplasty using a pericranial graft. Using this technique in patients, Raftopoulos reported 100% improvement with a mean follow-up of 16 months. In all cases, there was a persistent reduction of the syrinx on MRI studies. Our patients of group IV showed comparable results: seven of 8 patients had very good results (87%) while the remaining patient bene®ted`o nly'' a good result, presumably attributable to insu½cient tonsillar resection, as illustrated on control MRI. Most importantly, these results remained stable over time and no patient of this group required repeated surgery, unlike those belonging to other groups (see table 4 ). MRI evaluation was consistent with the clinical outcome, since all patients of the group showed syrinx reduction either in the early postoperative course or on delayed follow-up. Given the protracted course of the disease, prolonged follow-up is necessary in assessing surgically treated patients. In all groups of our series, duration of follow-up was more than 2 years in the majority of cases. Such follow-up seems acceptable since syrinx relapse is likely to occur within the ®rst two years after treatment [19, 28] .
Conclusion
Similarly to other investigators, we have experienced disappointing results following FMD in a high proportion of patients su¨ering Chiari I ± related syringomyelia, raising the opportunity for performing additional manipulations combined with osteodural decompression. Our experience that patients treated by tonsils resection had a better outcome than those treated using other modalities, with no increased operative risk and no additional surgery required, unlike patients of other groups. However, the nature of this study and some disparity between the four groups preclude any de®nite conclusion and the statement that tonsils resection is superior to other modes of treatment needs further validation.
